Introduction Brain volume shrinkage is common in treatment-seeking patients with alcohol use disorders. Whether women are more vulnerable to brain dysmorphology than men despite lower alcohol consumption levels or shorter dependency ("telescoping effect") remains controversial and has not been considered with respect to infratentorial structures or their potential contribution to ataxia. Methods The 200 participants included 64 men and 31 women with Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition alcohol dependence and 105 controls. An infratentorial region (pons, cerebellar hemispheres, vermis (anterior, posterior, and inferior sectors), fissures, cisterns, fourth ventricle) was quantified with atlas-based parcellation. To enable comparison of men and women, regional tissue volumes were expressed as ratios of tissue in the volume. Participants also completed quantitative ataxia testing. Results Total infratentorial and vermian tissue ratios were significantly smaller in alcoholics than controls; alcoholic women did not show disproportionately greater volume deficits than alcoholic men. A re-analysis including alcoholic men and women matched in alcohol consumption, onset age, abstinence duration, and age revealed again that alcoholic women did not have disproportionately greater regional vermian volume deficits than alcoholic men. Alcoholic men and women were impaired in all measures of ataxia, which correlated with low infratentorial tissue ratios in men. Discussion Alcoholic men showed deficits of pontocerebellar volume ratios, yet alcoholic women did not display signs of "telescoping". Further, alcoholic men and women both showed signs of ataxia of gait and balance, related to affected pontocerebellar systems in the men but not the women, suggesting the need to consider other neural substrates for ataxia in women.
Introduction
It is commonly held that regions of the cerebellum and pons are especially vulnerable to neurotoxic processes associated with chronic alcoholism. Notable neurological conditions, which involve these structures, are commonly associated with alcoholism and include alcoholic cerebellar degeneration (Gilman et al. 1990; Hillbom et al. 1986; Yokota et al. 2006 ) and central pontine myelinolysis (CPM; Adams et al. 1959 ; for review, Kleinschmidt-Demasters et al. 2006) . Each condition is marked by well-recognized clinical manifestations affecting gait, balance, and postural stability: Ataxia of gait and postural instability is typical of alcoholic cerebellar degeneration (Gilman et al. 1981) , and signs of dysarthria and dysphagia or as severe as quadriplegia (Mochizuki et al. 2003) are associated with acute central pontine myelinolysis (for review, Kleinschmidt-Demasters et al. 2006) , although neuroradiological (Strub et al. 1999; Sullivan and Pfefferbaum 2001) and neuropathological (Newell and Kleinschmidt-DeMasters 1996; Slager 1986 ) studies have revealed clinically silent lesions. Both conditions can remit with sustained sobriety, providing confirmation for at least a partial alcoholism etiology (ataxia: Diener et al. 1984; Rosenbloom et al. 2004 Rosenbloom et al. , 2007 ; CPM: Kleinschmidt-Demasters et al. 2006) . Alcoholic cerebellar degeneration and its clinical correlates make alcoholism a target diagnosis for mapping functional impairment arising from regional cerebellar insult. A problem for such studies, however, arises when the assumption is made that alcoholics have cerebellar injury because both postmortem (Phillips et al. 1987; Yokota et al. 2006) , and in vivo (Davila et al. 1994; Sullivan and Pfefferbaum 2009 ) evidence indicates that cerebellar tissue damage is not necessarily present in all alcoholic-dependent individuals. Indeed, it is more likely that alcoholics who had suffered Wernicke's encephalopathy and its classical sequela, Korsakoff's syndrome, are more likely to have sustained cerebellar injury than those who had not (Harper et al. 2003a; Shear et al. 1996; Victor et al. 1989; Yokota et al. 2006) . Further, the extent and involvement of cerebellar regions affected can differ across individual alcoholics (Victor et al. 1989) , may be more severe in treatment-seeking than nontreatment-seeking alcoholics (cf., Fein and Landman 2005) , and are dramatic in alcoholics who have sustained severe thiamine deficiency, causing Wernicke's encephalopathy (Victor et al. 1989 ).
An additional source of variability is sex. It remains controversial whether alcoholic brain dysmorphology is greater in men or women. The "telescoping effect" describes the phenomenon that women exhibit a similar extent of neuropathological markers as men despite lower alcohol consumption levels or shorter time alcohol dependent, typifying the drinking patterns of women (Diehl et al. 2007; Mann et al. 1992; Randall et al. 1999) . A computed tomography (CT) study reported that alcoholic women develop alcoholism and brain structural and functional problems earlier in the course of alcoholism than did men yet showed the same degree of brain tissue shrinkage after a shorter disease duration and the same degree of recovery following 6 weeks of abstinence (Mann et al. 2005) ; neither the cerebellum nor the pons was measured. Magnetic resonance imaging (MRI) studies have also reported greater degree of volume abnormalities in alcoholic women than men relative to their sex-matched controls in structures of the supratentorium, including the corpus callosum (Hommer et al. 1996) and cortical gray matter; however, other regions, including cortical sulci, white matter, and lateral ventricles, were not disproportionately affected in alcoholic women relative to alcoholic men (Hommer et al. 2001) .
Despite detection of a telescoping effect for progression and untoward consequences of alcoholism, one study reported similar treatment outcomes in alcoholic men and women matched on age, education, duration of sobriety, and alcohol consumption when corrected for body mass (Diehl et al. 2007) . Not all neuroimaging studies have observed telescoping in alcoholic women and rarely have infratentorial structures-specifically, the cerebellum and pons-been considered in studies of sex differences in alcohol's effect on the brain nor have sex differences been found when sought (Mechtcheriakov et al. 2007) . One study that did examine these brain structures found that in adolescents and young adults with alcohol use disorders, the young men, but not the young women, exhibited cerebellar volume deficits relative to their age-and sex-matched controls; neither men nor women in this young alcoholism group showed volume deficits in a region that included the pons and brain stem (De Bellis et al. 2005) .
Here, we examined whether an infratentorial volume comprising the pons and entire cerebellum would be marked by regional tissue shrinkage measured by quantitative MRI, whether history of alcoholism would have a greater detrimental effect on middle-aged to elderly women than men, and whether tissue deficits would be related to functional impairment in postural stability. Accordingly, this controlled study used a quantitative test of ataxia (Fregly et al. 1972) to measure static and walking stability, with and without visual control, in treatment-seeking alcoholic men and women without Korsakoff's syndrome and who underwent conventional MRI.
Materials and methods

Subjects
Participants included 64 men and 31 women meeting Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision criteria for a history of alcohol dependence (mean age 49 years) and 105 agematched controls (50 men and 55 women) without medical or psychiatric conditions. MRI or ataxia data from smaller samples of these groups appeared in other publications (Fama et al. 2007; Sullivan et al. 2006; Sullivan et al. 2009b, c, d) , but the MRI analysis presented herein is novel, and the presentation of MRI and ataxia data from this full group of 200 alcoholic and control men and women will have been presented in abstract form only (Sullivan et al. 2009a ).
On average, the groups had at least 2 years of high school, although the alcoholic men and women had fewer years of education than the controls. The groups did not differ significantly, however, in socioeconomic status or premorbid intelligence as estimated from the National Adult Reading Test (NART; Nelson 1982; Table 1 ). The four groups were matched in handedness, and the alcoholic men and alcoholic women were matched on body mass index to their respective controls (group-by-sex analysis of variance (ANOVA): group F(1, 195)=0.517, p=0.4728; sex F(1, 195)=14.65, p=0.0002).
Following established guidelines, trained research assistants or psychologists interviewed each subject with a timeback history to obtain an estimate of lifetime alcohol consumption (Pfefferbaum et al. 1992; Skinner 1982; Skinner and Sheu 1982) . The alcoholic men drank~15 times more than the control men, and the alcoholic women drank~20 times more than the control women. Length of sobriety of 61 alcoholic men ranged from 2 to 307 days; an additional three men had outlying values with reported sobriety of 463, 467, and 732 days. Median of the total group of 64 alcoholic men was 58 days. Length of sobriety of 27 alcoholic women ranged from 1 to 393 days; an additional four women had outlying values with reported sobriety of 434, 666, 720, and 754 days. Median of the total group of 31 alcoholic women was 65 days.
MRI acquisition protocol MR imaging was conducted on a General Electric (Waukesha, MI, USA) 1.5-T whole body clinical system. Images used for quantification were acquired with a volumetric spoiled gradient recalled (SPGR) sequence (94, 2-mm-thick slices; TR/TE=25/5 ms, flip angle=30°, matrix=256×192) for morphometry and a late-echo fast spin-echo (FSE) sequence (94, 2 mm thick slices; TR/TE=11,050/98 ms, matrix=256×192) for automated fluid-tissue delineation. Before conducting quantitative analysis, images were read by a clinical neuroradiologist to identify space occupying lesions or other dysmorphology indicative of neuropathology that could interfere with morphometric analysis. Additional review of images identified studies of quality too poor for quantification.
MRI quantification
A structural mask of cerebellum and pons was defined on the SRI24 atlas (Rohlfing et al. 2010 ) by manual outlining. This mask was propagated to the FSE images of all subjects via registrations from the SRI24 atlas to the subject SPGR images, concatenated with the transformation from the subject SPGR to subject FSE image space. The resulting subject-space masks were then used to extract cerebellum and pons from each subject. The extracted cerebellum and pons FSE data for 66 normal controls were then used to construct a study-specific high-resolution template of pons and cerebellum for further analysis. To this end, the 66 pons and cerebellum images were coregistered using the same template-free group-wise registration algorithm that we previously applied to generate the SRI24 whole-brain atlas (Rohlfing et al. 2010 ). The resulting template, which had a resolution of 0.9375 mm isotropic pixel size, was used for manual delineation of the borders of the infratentorial volume, which included the pons, cerebellar hemispheres, vermis, and cerebrospinal fluid (CSF)-filled fissures, cisterns, and fourth ventricle. Further manual delineation divided the vermis into three regions (anterior, posterior, and inferior sectors) on nine midsagittal slices (Fig. 1) .
Each subject's extracted pons and cerebellum FSE image was finally registered via nonrigid image registration (Rohlfing and Maurer 2003) to the study-specific template, and the registration transformation was used to project the infratentorial and vermis masks from the template back into each subject's native space for fluid-tissue segmentation.
To reduce differences attributable to individual variation in volumes, especially between men and women, regional tissue volumes were expressed as ratios (or percentages) of the amount of tissue in each region of interest, i.e., [tissue/ (tissue + CSF)] of the region.
Motor tests
Ataxia test Most participants completed the Walk-a-Line Ataxia Battery (Fregly et al. 1972) , which consisted of three tasks, each performed first with eyes open and then eyes closed and always with arms folded across the chest. Each condition was tested twice, unless a perfect score was achieved on the initial trial, in which case the subject received full credit on that condition. The conditions were as follows: stand heel to toe for 60 s (maximum score= 120 s), walk heel to toe for ten steps (maximum score=20 steps), and stand on one foot, first the right foot and then the left, each for 30-s trials (maximum score=60 s for each foot).
Fine finger movement test Subjects turned a knurled rod with their forefinger and thumb, unimanually and then bimanually (Corkin et al. 1986 ). Three, 30-s trials for each condition were administered. For correlational analyses, we reduced the data to two summary scores: the mean of the left and right unimanual conditions and the mean of the left and right bimanual conditions. This task was used solely as a motor comparison to test the selectivity of observed correlations between ataxia and regional brain volumes.
Statistical analysis
Regional brain volume ratios and ataxia scores were subjected to a series of two-way (diagnosis-by-sex) ANOVAs. Follow-up t tests identified specific group differences in brain volume or performance. Correlations between regional brain volumes and ataxia scores or alcoholism factors were tested with Pearson correlations. Multiple regression analysis was used to test for specificity of brain structure-function relationships. 
Results
Group differences in regional infratentorial volumes
A two-way ANOVA, which compared the total infratentorial volume ratios, expressed as percent tissue, yielded significant effects of group (F(1, 196) =8.659, p=0.0036) and sex (F(1, 196) =5.481, p=0.0202), but not a group-bysex interaction (F(1, 196)=1.029, p=0.3116). The infratentorial tissue ratio was~4% smaller in alcoholic men (76.6%) than control men (79.8%) and~2% smaller in alcoholic women (79.3%) than their respective control (80.8%; Fig. 2) .
Group-by-sex ANOVAs were conducted for the three vermian tissue ratios (Fig. 2) We next determined the number of alcoholics whose regional infratentorial volumes fell below a defined abnormal cut point, which was 2 SD below the expected means of the controls. To establish this criterion, the regional volume ratios were transformed into age-adjusted standardized Z scores based on the full group of 105 controls. Of the 63 alcoholic men and 31 alcoholic women, 12 (19.0%) men and two (6.5%) women had volume ratios in the abnormal range for the total infratentorial region. The numbers of alcoholic men and alcoholic women falling outside the 2 SD cutoff for abnormality in the three regions of the vermis were as follows: two alcoholic men and two alcoholic women for the anterior region, 14 men and two women for the posterior region, and nine men and two women for the inferior region. No one alcoholic met the 2 SD volume deficit criterion for all four regions of interest, although five men and two women met this criterion for three of four regions.
The alcoholic men had drunk about twice as much alcohol in their lifetime (1,021 kg) as the alcoholic women (529 kg). To account for these and other factors that could contribute to the identified sex differences, we re-analyzed the brain data on subgroups of 42 alcoholic men and 23 alcoholic women matched in lifetime alcohol consumption, age of onset, duration of sobriety, and age (Table 2) . Groupby-sex ANOVAs yielded significant group and sex effects in three of the four regional volume ratios: total infratentorium (group F(1, 196)=6.518, p=0.0116; sex F(1, 196)= 6.890, p=0.0095), posterior vermis (group F(11, 196)= 4.115, p=0.0441; sex F(1, 196)=8.504, p=0.004), and inferior vermis (group F(1, 196)=5.665, p=0.0184; sex F (1, 196)=5.316, p=0.0222). The exception was the anterior vermis (group F(1, 196)=3.786, p=0.0534; sex F(1, 196)= 9.718, p = 0.0022). In no case was the group-by-sex interaction significant (Fig. 3) . A group-by-three region ANOVA comparing the alcoholic men and alcoholic women yielded significant effects of group (F(1, 126)= 4.599, p=0.0359) and region (F(2, 126)=362.37, p= 0.0001) but no interaction (F(2, 126)=1.201, p=0.3042).
Relative to the subgroup of alcoholic women, the matched alcoholic men had smaller tissue volume ratios of the infratentorium (t(63) = 2.336, p = 0.0227) and posterior (t(63) = 2.069, p = 0.0426) and inferior vermis (t(63)= 2.361, p=0.0213) but not anterior vermis (t(63)=1.485, p=0.1426).
Group differences in ataxia
One-way ANOVAs across the four groups revealed significant effects in all measures of ataxia, with and without vision (Fig. 4) Analogous to the brain volumes, we determined the number of alcoholics whose ataxia scores fell below a defined abnormal cut point. Each ataxia score was transformed into an age-adjusted standardized Z scores based on the group of 95-97 controls who completed each ataxia subtest. The 2 SD cutoff used for regional MRI volumes was applied to the eyes-open condition composite score (mean of Z scores across the four ataxia conditions) and identified impairment in 12 of 63 (19.0%) alcoholic men and seven of 29 (24.1%) alcoholic women with ataxia testing. For the eyes closed conditions, no alcoholic met the 2 SD impairment criterion. Consequently, we applied the less stringent cutoff of 1.5 SD below the expected means of the controls to an eyes-closed composite score of the four conditions and identified only two alcoholic men and one alcoholic woman meeting this lenient impairment criterion.
Of alcoholics matched on alcohol variables, 40 alcoholic men and 21 alcoholic women took part in ataxia testing. Re-analysis of these alcoholic subgroups and controls revealed the same pattern of performance deficits as observed in the total group. In particular, one-way ANOVAs yielded significant group effects for all eight measures: stand heel-to-toe eyes open p=0.0017, eyes closed p=0.0019; walk heel-to-toe eyes open p=0.0119, eyes closed p=0.0004; stand on left foot eyes open p= 0.001, eyes closed p=0.0001; and stand on right foot eyes open p=0.001, eyes closed p=0.0001. Follow-up tests comparing the alcoholic men and alcoholic women failed to identify any differences (p values ranged from 0.1253 to 0.8247). Fig. 3 Mean±SEM of the tissue volume ratios of the four regions of interest of the subset of alcohol men and alcoholic women matched on alcohol history variables. In general, the same pattern of sex differences observed in the full group (Fig. 2) Relation between infratentorial volumes and ataxia in alcoholic men and women
To reduce the number of correlations calculated to test MRI performance relations, we derived composite scores for the balance measures by taking the mean of the Z scores for the four eyes open conditions and then the mean of the Z scores for the four eyes-closed conditions. In addition, we created a total ataxia composite score from the eight Z scores. We predicted that poorer ataxia scores would be correlated with smaller regional MRI volumes. With a directional prediction, alpha for the correlations was set at p=0.034 for a family-wise Bonferroni correction for three comparisons. The most robust correlations were observed between the eyes open or total ataxia composite scores and the total infratentorial or posterior vermian ratio volume (Table 3) . These correlations were observed in the alcoholic men (Fig. 5) , and none of the correlations was statistically significant in the alcoholic women. Multiple regression analysis entering the total infratentorial and posterior vermian ratio volumes as predictors of the eyes open and total ataxia composite scores revealed that in both cases, only the infratentorial volume made an independent contribution to the performance prediction (eyes open ataxia p=0.0051; total ataxia p=0.0143) over and above the contribution from the posterior vermian volume (eyes open ataxia p=0.125; total ataxia p=0.3491).
To test the selectivity of the relation between the infratentorial volumes and ataxia, we correlated scores from the speeded finger movement task with the MRI volume ratios. Using age-adjusted Z scores, the alcoholic men, but not the alcoholic women, were impaired on the unimanual (F(3, 188)=13.948, p=0.0001) and bimanual (F(3, 188)=14.394, p=0.0001) components of this task. None of the correlations between these scores and the MRI volumes was significant in either the alcoholic men or the alcoholic women (Table 3) .
Discussion
Alcoholic men, who were sober for weeks to months, exhibited deficits in total infratentorial tissue, which included the pons and cerebellum and regions of the cerebellar vermis. The mean regional volume deficits in the alcoholic women were on average smaller than those in the alcoholic men and were thus not disproportionately greater than those observed in the men, as would be predicted from the "telescoping" hypothesis. This pattern was present for the full groups examined-64 alcoholic Fig. 4 Mean±SEM of the ataxia subtest scores for the four subject groups. In all cases, the alcoholic men and the alcoholic women performed significantly below the control groups men and 31 alcoholic women-and endured when subgroups of alcoholic men and women were selected to be matched in age, age of alcoholism onset, amount of alcohol consumed over a lifetime, and duration of current sobriety. Further, both alcoholic men and alcoholic women showed signs of ataxia of gait and balance.
Alcoholism and infratentorial volumes in alcoholic men and women
The infratentorial tissue ratio was~4% smaller in alcoholic men and~2% smaller in alcoholic women than their respective control groups. The alcoholic men had smaller vermian tissue volume ratios than the control men (~5.8%), whereas the alcoholic women differed from their controls by~4.2%. Expression of volumes in terms of ratios of the defined infratentorial volume measured enabled direct comparison of men and women, who naturally differ systematically in intracranial and infratentorial volume (Dekaban and Sadowsky 1978; Miller and Corsellis 1977) . This derived metric permitted estimation of tissue volume shrinkage for an individual with reference to an alcoholic or unaffected comparison group.
The incidence of a significant infratentorial volume deficit, defined as 2 SD from the expected age-adjusted norm, was 19% for the alcoholic men and only 6.5% for the alcoholic women in the current study. This incidence is low compared with other neuroradiological reports and postmortem studies, which may have used less stringent or qualitative criteria for determining abnormality. For example, postmortem analyses identified atrophy in the anterior vermis in 42% of alcoholics compared with 9% of controls Correlations marked in italics meet family-wise Bonferroni correction for three comparisons: p=0.034, one-tailed. Correlations marked in bold are significant at p=0.05, two-tailed Fig. 5 Correlations between ataxia composite scores and the total infratentorial tissue volume ratio in the 63 alcoholic men who completed MRI and ataxia testing protocols . Another postmortem study reported significantly lower cerebellar weight and fewer Purkinje cells in the vermis of alcoholics complicated with Wernicke's encephalopathy or Korsakoff's syndrome than in uncomplicated alcoholics or controls (Harper et al. 2003a ). An in vivo study of 65 patients with alcoholic cerebellar degeneration, determined with CT, reported radiological evidence for cerebellar degeneration in 51% of alcoholics, yet only 49% exhibited clinical signs of such neuropathology (Hillbom et al. 1986 ). Even in alcoholics with a documented history of Wernicke's encephalopathy, classical cerebellar signs including ataxia cannot necessarily be elicited (Zuccoli et al. 2009 ). In light of the current findings of alcoholism-related sex differences and given the preponderance of postmortem cases representing alcoholic men, postmortem study of alcoholic women could add substantially to understanding of sex-linked differences in alcoholism's untoward effects on the brain. Studies that would collect adequate antemortem data (e.g., Harper et al. 2003b ) to enable correlations between clinical factors and postmortem findings (cf., Baker et al. 1999 ) would be particularly valuable.
Irrespective of alcohol history, the alcoholic men sustained a greater degree of brain structural deficits in all infratentorial regions measured than did the women. Thus, the alcoholic women did not display "telescoping" but rather had smaller regional tissue volume ratio deficits. Limiting this conclusion is the notorious problems with retrospective estimation of alcohol consumption, although this problem may be mitigated by assuming that men and women are similarly affected by estimation challenges. Even when telescoping is observed on some features, such as temporal development of alcohol dependence and interval between alcohol-related problems and initiation of treatment seeking, the special vulnerability of women to alcoholism does not necessarily generalize to all variables characteristically affected by alcoholism, such as treatment outcome as measured by length of sobriety (Diehl et al. 2007) . Consistent with the currently observed pattern of volume deficits being associated with alcoholic men but not women is the study by De Bellis and colleagues (2005) , who observed bilateral cerebellum volume deficits in adolescent and young adult alcoholic men but not women. One difference was an absence of significant effects of alcoholism on the cerebellar vermis in the young alcoholics that was observed herein in alcoholic men who were older than any of the alcoholics examined in the De Bellis study. If these divergent, age-related differences are reliable, they suggest a differential vulnerability of the vermis and lateral cerebellum, such that damage to the vermis may require an interaction with an aging brain or longer, chronic drinking, or bouts of nutritional deficiency (typically, thiamine) causing subclinical or symptomatic Wernicke's encephalopathy, which can remit without the devastating symptoms of Korsakoff's syndrome (Blansjaar and Van Dijk 1992; Harper 2006; Thomson 2000; Thomson et al. 1987; Thomson and Marshall 2006) . Ataxia, alcoholism, sex, and the brain Tests measuring balancing with eyes open identified more alcoholics with impaired balance than tests with eyes closed. Across all eyes-open conditions, 19% of alcoholic men and 24% of alcoholic women showed at least a 2 SD deficit relative to controls. By contrast, none of the alcoholics performed at or below the 2 SD level with eyes closed. This difference in sensitivity related to test condition was likely due to a performance ceiling effect of the controls; thus, any difference from a near-perfect score would suggest impairment.
The degree of ataxia has been quantitatively related to extent of cerebellar shrinkage, especially of the vermis in alcoholic men, who as a group had significant volume deficits in the anterior vermis (Melgaard and Ahlgren 1986; Sullivan et al. 2000) . In previous studies, we isolated the cerebellar hemispheres and anterior vermis in a subset of about half the men and women in this current study but failed to identify volume deficits in either alcoholic men or women. Despite the absence of evidence for tissue volume deficits in alcoholic groups compared with controls, smaller anterior vermian volumes were significant correlates of postural instability as measured with a force platform in alcoholic men ) and alcoholic women (Sullivan et al. 2009c) . Quantitative sway analysis afforded by the force platform procedures yielded a more refined measure of static posture than the quantitative ataxia testing used herein. The alcoholics in the later studies, who were recruited from community rehabilitation centers, may have had less regional tissue shrinkage and, as a group, had been abstinent from alcohol for longer (about 2-3 months) than the alcoholic men in the earlier studies who were recruited from inpatient alcohol programs at a US Veterans Administration hospital and examined at the end of a 28-day stay. Longitudinal MR studies report significant enlargement in the cerebellum measured with MRI (Cardenas et al. 2007) or change toward normality in metabolite levels in the vermis or cerebellar hemispheres measured with MR spectroscopy (Bendszus et al. 2001; Parks et al. 2002) , and neuropsychological studies have noted substantial improvement in postural stability (Diener et al. 1984; Rosenbloom et al. 2004; Rosenbloom et al. 2007) in alcoholics who remain abstinent from alcohol. Consistent with the possibility of a graded effect on the association between severity of ataxia and vermian shrinkage is a study of a community sample of very old (age 81-97 years) nondemented men and women. In that study, greater current alcohol consumption, which did not reach levels consistent with alcohol dependence, correlated with smaller vermian areas in the men rather than the women, but neither measure was strongly or uniquely predictive of gait and balance problems assessed with tests similar to those used in the current study (Piguet et al. 2006) .
Another possible substrate of ataxia, not measured herein but noted in studies of normal aging (DeCarli et al. 2005; Scheltens et al. 1993 ) and other studies of alcoholism (Fein et al. 2009 ), is degradation of white matter integrity, observed on MRI as white matter hyperintensities. The hyperintense signal arises from excessive fluid-likely interstitial-in white matter tissue occurs more frequently in elderly than young adults and is associated with hypertension and postural instability (Guttmann et al. 2000; Starr et al. 2003; Sullivan et al. 2009d; Tell et al. 1998) . In recovering alcoholic men and women, poorer performance on the ataxia battery used in the present report correlated with evidence for greater compromise of fiber integrity of the genu and splenium of the corpus callosum, measured with diffusion tensor imaging . Disruption of interhemispheric connectivity could diminish ability to integrate positional information required for motor coordination and stabilization correction.
The potential influence of peripheral neuropathy on alcohol-related postural instability remains in question. According to other studies, alcohol-related ataxia has been shown in some instances to be related to peripheral neuropathy (Melgaard and Ahlgren 1986) , but this association has not always been forthcoming (Schroth et al. 1988 ) and therefore may not necessarily have accounted for the sensorimotor deficit in gait and balance observed herein.
Mechanisms of infratentorial volume shrinkage and ataxia
The most robust findings in both alcoholic men and women were volume deficits in the combined pons, cerebellar hemispheres, and vermis tissue, expressed as the ratio of one's own infratentorial tissue+CSF volume and ataxia of stance and gait, especially when tested with eyes open. Classically, ataxia has been attributed to damage of the anterior superior vermis of the cerebellum, which is measurable in terms of volume deficits in perhaps one third to one half of uncomplicated alcoholics (reviewed above) and is more likely observed and extensive in alcoholics who have suffered the complication of Wernicke's encephalopathy. The pons can also be affected in alcoholism. Although rare, central pontine myelinolysis, associated with chronic alcoholism, is a demyelinating condition of the central pons and typically attributed to rapid correction of hyponatremia or inadequate nutrition (Adams et al. 1959; Laureno and Karp 1997; Laureno and Mark 1995; Lien et al. 1990 ). The modest structural effects observed in both the pons and cerebellum in alcoholics may be residual signs of a previously experienced partial (cf., Sullivan and Pfefferbaum 2001) or full-blown clinical condition of Wernicke's encephalopathy or central pontine myelinolysis, reversed fully or partially with nutritional or electrolyte repletion (cf., Thomson 2000; Thomson et al. 2002) or, alternatively, the prodrome of the condition. Such a course of demise and recovery may be the foundation for the "graded effect" from uncomplicated to complicated alcoholism detected with structural MRI (Sullivan and Pfefferbaum 2009 ). Thus, measurement of total cerebellar and pontine tissue, as obtained in the present study, may have provided a sensitive if not specific measure of the current status of a dynamic history of alcoholism's neurotoxicity in recovering alcoholics.
Volume deficits may reflect more extreme instances of damaged microstructure or function, which may require neuroradiological methods for detection other than conventional MRI. Indeed, MR spectroscopy has been fruitful in identifying reversible compromise in cerebellar metabolite levels reflective of cellular function (Bartsch et al. 2007; cf., Meyerhoff and Durazzo 2008; Parks et al. 2002; Seitz et al. 1999) . Acquisition of MRI structural data at higher field strengths (e.g., 3 T) than used herein (1.5 T) may also provide the opportunity for a more refined structural analysis of cerebellar regions that may be especially vulnerable to the throes of alcoholism and selectively affect postural stability.
